To accomplish large-scale identification of genes from a single human chromosome, exon amplification was applied to large pools of clones from a flow-sorted human chromosome 22 cosmid library. Sequence analysis of more than one-third of the 6400 cloned products identified 35% of the known genes previously localized to this chromosome, as well as several unmapped genes and randomly sequenced cDNAs. Among the more interesting sequence similarities are those that represent novel human genes that are related to others with known or putative functions, such as one exon from a gene that may represent the human homolog of Drosophila Polycomb. it is anticipated that sequences from at least half of the genes residing on chromosome 22 are contained within this exon library. This approach is expected to facilitate fine-structure physical and transcription mapping of human chromosomes, and accelerate the process of disease gene identification.
A primary goal of the human genome initiative is the construction of fine-structure physical maps of the chromosomes in anticipation of full DNA sequence analysis. However, probably the most important purpose of this mapping, the identification and placement of human genes, can be carried out effectively before determining the complete sequence of the human genome, and can aid in increasing the resolution of the physical map. Low-resolution physical maps of human chromosomes have been described recently (Cohen et al. 1993) , but considerably greater detail is needed to maximize their utility and proceed with large-scale sequencing. Identification of a representative set of genes or gene fragments corresponding to a specific genomic region would satisfy many of the requirements for finer mapping and would add a level of functional significance to these evolving maps. The resulting gene, or transcription maps, would provide a new framework for the study of structural, functional, and organizational aspects of chromosomes, and would lead to more efficient identification of genes involved in human disease. Consequently, recently the development of methods for rapid gene identification has received greater attention, and numerous strategies, including ap3These authors contributed equally to this work. 4Corresponding author. E-MAIL buckler@helix.mgh.harvard.edu; FAX (617) 726-5736. proaches based on hybridization and biological selection (Auch and Reth 1990; Duyk et al. 1990; Buckler et al. 1991; Lovett et al. 1991; Parimoo et al. 1991) , have been proposed. Exon amplification, an example of the latter category, relies on selection for functional splice sites flanking exons and thereby, avoids problematic issues such as tissue specificity or relative mRNA abundance that are inherent to other gene identification approaches. Recently, we have modified the exon amplification technique to make it applicable to the isolation of gene sequences from very complex sources of genomic DNA (Church et al. 1994) . As an initial test, we have applied this method to the isolation of large numbers of gene sequences from a single human chromosome.
RESULTS

Construction of a Chromosome-specific Exon Library
Human chromosome 22 was chosen as a model for construction of exon libraries because of intensive mapping and disease gene identification efforts in this region of the genome. Plasmid DNA was prepared from pooled clones of each of the 130-microtiter plates in an arrayed cosmid library constructed from flow-sorted human chromosome 22 (LL22NC03), which represents approximately five equivalents of chromosome 22. An additional four pools were generated from a human-specific subset of cosmids derived from a human-hamster hybrid cell line, GM10888, containing chromosome 22 as its sole human component (Lichter et al. 1990) . A total of 134 plate-pool cosmid DNAs were prepared, and each sample was digested and shotgun-cloned into the in vivo splicing vector, pSPL3 (Church et al. 1994) . Plasmid DNA from pSPL3 subclones (pools of 500-2000 insert-containing clones) was transfected transiently into COS7 cells, which facilitated SV40 large T-mediated plasmid amplification and transcription. Cytoplasmic RNA derived from these transfectants was used in RNA-PCR amplifications, and the resulting products were cloned directionally as described in Methods. Exon clones (48 from each pool, or -6400 clones) were arrayed, grown, and stored in 96-well microtiter plates. Approximately 24 clones from each of the first 100 pools were sequenced (a total of 2304 sequences generated) in a single pass, yielding 709 unique sequences, or an average of 7.1 unique sequences per pool. To determine the number of unique sequences in the rest of the exon library, the remaining 24 exon clones from 10 pools were sequenced and compared to all of the 709 initial sequences. An additional 40 unique sequences were produced, yielding an average of four remaining unique clones per pool. Therefore, we estimate that an average of 11.1 unique clones exist in each pool, and that sequence has been produced for -64% (7.1 + 11.1) of the unique clones in the first 100 pools. Because there are 134 exon pools, our upper estimate of the total number of unique sequences in the entire exon library is 1487 (134 x 11.1). Thus, the sequences that we have generated to date represent approximately half (47%) of those present in the library.
Complete sequence was produced for 91% of the clones analyzed, yielding a minimum average length of -125 bp per clone. This is close to the value of 135 bp that we have reported previously for completely sequenced sets of exons (Church et al. 1994) , and likely will be similar when all the sequences are complete. We have estimated the accuracy of the sequences produced to be -99.5%, based on alignments to previously known, well-characterized gene sequences ( Table 1 ).
An average threefold redundancy of clones corresponding to each unique sequence was observed, and is likely to be higher than this value when sequencing is complete; this may be attrib-utable to biases introduced during certain steps of the procedure. Although cultured in separate wells, growth differences among individual cosmid clones within each pool may have introduced bias during the shotgun subcloning step. However, we have designed our approach to minimize the probability that more than one exon will be isolated from the same cosmid (to maximize the uniformity of exon distribution across the chromosome). By maintaining a high complexity of target DNA (i.e., large numbers of cosmids), the growth bias is likely to be distributed across several cosmids in each pool, thus increasing the likelihood that an exon will be derived preferentially from several of the more prevalent genomic clones. Bias in the library may also be attributable to differential splicing efficiency of particular exons, as well as preferential RNA-PCR amplification or exon cloning. These aspects may be more difficult to control and are likely to be dependent on the sequence composition of exons or splice site sequences. As a result, specific exons may have a reduced probability of being trapped, but it is likely that other exons from the same gene will be identified.
Sequence Data Base Comparisons
The sequences were compared to those in public data bases (Altschul et al. 1990 ; BLAST comparison with Genbank and EMBL versions and updates that were available 7/23/95), and a summary of these results is presented in Tables 2 and  3 . One hundred ninety-nine of the 709 sequences (28%) analyzed are highly similar to known genes from a number of species. Included in these are 101 sequences that are identical (~97% nucleotide identity) to segments of previously identified human genes. These can be subdivided into 48 sequences from 24 different genes that were mapped previously to chromosome 22 (in some cases, multiple exons were isolated from the same gene), and 53 other sequences corresponding to heretofore unmapped genes and expressed sequence tags (EST). Included in the latter group were sequences from RanGTPaseactivating protein 1 (Bischoff et al. 1995) , phosphatidlyinositol 4-kinase (Wong and Cantley 1994) , small nuclear ribonucleoprotein Sm D3 (Lehmeier et al. 1994) , glutathionine S-transferase T1 (Pemble et al. 1994) , and cadherin-13 (Tanihara et al. 1994) , which are now localized provisionally to chromosome 22. In a few cases, the sequence identity was found with the corn- The criteria for categorizing similarities were based on BLASTN or BLASTX results (Altschul et al. 1990 ) and were as follows: Identity, near identity, or homolog, nucleic acid, or protein similarities t>85% and P value ~<10-s; strong similarity, nucleic acid, or protein similarity i>50% and P value ~<10 -3. Asterisks denote sequence similarity to the complementary strand of the data base "hit." plementary strand of known genes. The most notable of these were the matches of sequences 285 and 760, which were identical to the complementary strands of Ewing sarcoma and cytochrome P450 IID6 gene sequences, respectively. In both cases, the match was found near the 3' end of the mRNA sequences of these genes, and the sequences flanking the aligned regions closely match consensus splice sites. Whether these sequences represent artifacts or genes encoded on the overlapping DNA strand opposite to the known genes remains unclear. The remaining 98 sequences represent human homologs of genes from other species, members of gene families, or genes sharing strong similarities with known genes. Among the more interesting sequences with similarities are those that represent novel human genes that are related to others with known or putative functions. For example, the predicted amino acid sequence of exon 637 is highly similar to part of a common domain, termed the chromodomain, found in genes whose products associate with heterochromatin (James and Elgin 1986; Paro and Hogness 1991; Singh et al. 1991; Delmas et al. 1993) . The best studied of these genes are Drosophila heterochromatin-associated protein, HP1, and Polycomb. Both of these genes have been shown to control, by repression, developmental regulators such as homeotic genes. The chromodomain appears to be essential for assembly of these proteins into chromatin as part of a multiple protein complex, as mutations or deletions in this domain in the Polycomb protein abolish its ability to associate with heterochromatin (Messmer et al. 1992) . Thus, the sequence represented by exon 637 may represent a novel regulator of homeotic function in human development. Figure 1 is an amino acid alignment of exon 637 with the chromodomains of other pro- 
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Sequences have been placed into each category based on the results of BLASTN and BLASTX comparisons (Altschul et al. 1990 ). Criteria for similarity categories are described in the legend to The previously localized genes identified by data base comparisons and the number of different sequences matching them are listed. a One of the sequences matching EWSRI and the matching sequence for CYP2D6 were identical to the mRNA complementary strands of these genes.
teins. Exon 637, however, does not contain the complete chromodomain, but begins several amino acids downstream and continues beyond the carboxyl end of the motif. Interestingly, the genomic structure of the Polycomb locus of Drosophila has been determined, and the 5' end of exon 637 is at the precise location of an intron-exon boundary within this gene (Paro and Hogness 1991) . This suggests that some phylogenetic conservation of genomic structure exists for the 637 gene or that the 637 gene may represent the human homolog of Polycomb. In addition to exon 637, several of the sequences appear to be closely related to genes involved in growth regulatory, developmental, or cell type-specific-processes. Isolation of these types of genes, many of which are likely to be representative of low-abundance or tissuespecific mRNA species exemplifies an advantage of the exon amplification approach: expressionindependent gene identification. The overwhelming majority of human genes are expressed at low levels, producing low-abundance mRNA (Hastie and Bisho p 1976) . Many other approaches that require significant levels of gene expression, or knowledge of tissue specificity, may fail to identify such genes with any efficiency. This includes most large-scale random cDNA sequencing strategies (Adams et al. 1991 (Adams et al. , 1992 Khan et al. 1992; Okubo et al. 1992) , which are biased toward identification of mRNAs that are highly expressed in the tissue (or cells) from which the library was generated, as well as approaches using RNA derived from monochromsomal-or region-specific human-rodent hybrid cell lines (Liu et al. 1989; Corbo et al. 1990 ; Jones
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Cold et al. 1992). Direct or cDNA selection procedures (Parimoo et al. 1991; Lovett et al. 1991) have been designed to minimize this problem of representation by enriching for rare mRNAs and complement exon amplification in that they can enrich for these low abundance species, if they are present. These approaches are also adaptable for en masse, region-specific gene identification, as Del Mastro et al. (1995) demonstrate using human chromosome 5 as a target. One hundred six of the 709 sequences (-15%) were artifacts or similar to repetitive elements. The artifacts were derived from a number of sources but originate primarily from pSPL3 and the pLawrist16 cosmid vector. The higher prevalence of these clones as artifacts in these assays, as compared to assays of single cosmid clones, may be attributable to the vast molar excess of these sequences relative to the genomic sequences targeted for exon isolation. It should be noted that sequences from pSPL3 or pLawrist comprise -20% (10% each) of all clones in the library, based on sequencing of -2300 clones. These can be eliminated readily by hybridization detection, thereby significantly reducing the effort required for sequencing of similar libraries.
Localization of Exons to Chromosome 22
The starting genomic DNA for these experiments was derived from flow-sorted chromosomes derived from a human-hamster hybrid that contains preferentially human chromosome 22, but also retains chromosomes 9 and Y at a low frequency. Thus, the possibility exists that some of the exons originate from nonchromosome 22 genomic DNA, including hamster. This estimate has been confirmed by mapping these sequences to Southern blots of human, hamster, and GM10888 (monochromosome 22 human-hamster hybrid) DNAs (data not shown). Of 21 randomly chosen exons that hybridized to the blots, 17 (81%) mapped to chromsome 22, 3 were of hamster origin, and 1 was human, but apparently not originating from chromosome 22. These numbers are consistent with the estimated nonchomosome 22 content of the starting cosmid library. The percentage of chromosome 22-specific sequences is likely to be higher, as we excluded from our analysis exons from previously mapped genes.
DISCUSSION
The collection of clones described above represents one of the first large-scale, chromosomespecific isolations of human gene sequences, and will serve as an inroad to the development of an integrated physical and transcription map of human chromosome 22. It is likely to be an invaluable tool for creating the high resolution maps that are needed for sequencing of the human genome. Extrapolation of our results leads to a prediction that -1500 sequences will be generated after identification of all unique sequences in this collection of clones (of which >1200 will be nonrepetitive and nonartifact), and an estimation that nearly half of these sequences have been produced to date. In this study 24 of 59 (41%) of the fully sequenced genes (nonpseudogenes) currently known to map to chromosome 22 were identified, suggesting that a similar percentage of all genes on this chromosome are represented by the sequences that have been generated thus far. Therefore, it is anticipated that exons from as many as 80% of the genes on this chromosome will be represented in this library after completion of library sequencing. To further increase the representation of genes in this library and eliminate much of the bias in gene identification, subsequent isolation of exons will be performed on cosmids that stochastically failed to produce exons in the initial library construction.
Several aspects of this approach make it ideal for construction of detailed physical/ transcription maps. First, the use of genomic DNA from a specific human chromosome allows positional information to be associated provisionally to each exon, circumventing the need to localize cloned gene fragments that have been isolated and sequenced as random cDNA, and provides a more direct approach to saturate specific regions of the genome with such sequences. It should be noted, however, that sources such as flow-sorted chromosomes, or libraries constructed from them, frequently originate from human-rodent somatic cell hybrids; a small fraction of genomic DNA, hence exons, may originate from the rodent parent or from other human chromosomes present within the hybrid. The chromosome 22 cosmid library used in this study was derived from a hybrid cell line that also retains human chromosomes 9 and Y at a low frequency. We have estimated that 10%-20% of the exon library contains sequences from genomic DNA not originating from human chromosome 22, the majority of which is from hamster. Thus, although the exon library is highly enriched for chromosome 22 gene sequences, it is not pure, and the sequences are annotated as such. It should be noted, however, that no exons from known genes that map to any other human chromosome were identified to date in these studies, whereas 48 exons from chromosome 22-specific genes were isolated. In addition, the recent availability of high-quality monochromosomal hybrids for most human chromosomes, coupled with improved flow-sorting will reduce dramatically the problem for future exon library constructions.
Second, the exons produced by this procedure are consummate multi-purpose mapping reagents. Because the vast majority of exons are single copy sequences, they can be used as hybridization probes in filter-based mapping procedures. Moreover, we have found that exon sequences are easily converted to sequence-tagged sites (STS) for use in PCR-based mapping schemes (Green and Olson 1990) . With an average spacing of 60-70 kb, the chromosome 22 exons iden-tified thus far could be used to complete the Human Genome Initiative's goal of one STS per 100 kb for each chromosome. The conversion of exons to cDNAs would then provide both ordering and orientation across groups of yeast artificial chromosomes (YACs) or cosmids as well as confirm any existing contig information. Also, the cross-species conservation of many exons allows for effective comparative mapping of genes and for direct comparison of emerging physical maps in humans, mice, and other model genomes.
Third, because exon amplification is not dependent on the level or pattern of expression of the gene that is isolated, representational biases inherent in tissues or cells from which cDNA libraries are constructed, are eliminated. Exons can be used as a DNA sequence source for determining the specific expression pattern of the gene from which it originated by using quantitative assays of RNA expression, such as Northern blotting, S 1 nuclease, or RNase protection, in situ hybridization, or by using PCR to detect the presence of exon sequences in a cDNA library (Church et al. 1993; Munroe et al. 1995) . The resulting information allows for effective screening of appropriate cDNA libraries to saturate quickly a given genomic region with genes. This property of the technique has already been applied successfully to positional cloning efforts in Huntington's disease and neurofibromatosis 2 (Huntington's Disease Collaborative Research Group 1993; Trofatter et al. 1993) , resulting in identification of the disease genes by isolation of 28 and 8 of their exons, respectively, as well as successful effort to identify several other human and mouse disease genes (Vidal et al. 1993; Vulpe et al. 1993; Walker et al. 1993; Cachon-Gonzalez et al. 1994; H~istbacka et al. 1994) .
The large-scale exon isolation approach that we have applied here is currently being transferred to several other human chromosomes. Our data suggest that this method could identify segments from the majority of human genes before to the generation of the human genome's sequence. Moreover, the strategy would help to achieve this goal by facilitating the necessary construction and comparison of fine structure physical maps while simultaneously integrating them into transcription maps of greater utility to a wide range of researchers in genetics and biology. Continued application of this strategy represents a most effective and cost-efficient means of substantiating the most prominent rationale for pursuing the Human Genome Initiative, cre-
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METHODS
Exon Library Construction
Exon amplification was performed as described (Church et al. 1994) , with some modification. Cosmid-containing clones were propagated in 96-well microtiter plates, pooled, and cosmid DNA purified using the alkaline lysis method. Before propagation, cosmids containing ribosomal gene DNA (rDNA) were identified by hybridization and removed from each plate. This was done to insure against overrepresentation of chromosome 22 rDNA sequences in the amplified and cloned products. Shotgun cloning into pSPL3, transfections, and RNA isolations were performed as described (Church et al. 1994 ). Initially, RNA-based-PCR amplification (RT-PCR) and cloning of the resulting products was performed as described (Church et al. 1994 ), but was replaced by ligation-independent cloning using uracil DNA glycosylase (UDG; Rashtchian et al. 1991) . This entailed the replacement of oligodeoxynucleotide primers SD2 and SA4 in the second PCR amplification, with SDDU and SADU. The sequences of these primers are as follows: SDDU: 5"-AUAAGCUUGAUCUCACAAGCTG CACGCTCTAG-3', SADU: 5'-UUCGAGUAGUACUTTCTATTCCT TCGGGCCTGT-3'.
Complementary primers were also designed for the cloning vector pBluescript IIKS + (Stratagene), surrounding the EcoRV site; these are as follows:
BSDU: 5'-GAUCAAGCUUAUCGATACCGT CGACC-3', BSAU: 5'-AGUACUACUCGAAUTCCTGCA GCC-3'.
Ten nanograms of EcoRV-digested pBluescript IIKS + was amplified with BSDU and BSAU. Fifty nanograms of the amplified, linearized plasmid was mixed with 50-100 ng of RT-PCR product, and the mixture was digested with I unit of UDG (GIBCO-BRL) at 37°C in a 10-~1 volume of I × PCR buffer. The digested and annealed products were immediately transformed into Escherichia coli DH5~ host. UDG cloning streamlined the procedure and completely eliminated a significant frequency of clone chimerism. Clones from each pool were picked, propagated, frozen, and stored in 96-well microtiter plates. Sequencing was performed using the method of Sanger et al. (1977) . Sequences were automatically read using a Millipore Bioimage DNA sequence film reader operating on a Sun Sparc Station. Sequence data base comparisons were performed using the BLAST network service of the National Center for Biotechnology Information (Altschul et al. 1990 ). The sequences have been deposited in Genbank with the following accession numbers: H55062-H55737.
222 ~11GENOME RESEARCH
